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Abstract

El Niño‐Southern Oscillation (ENSO) events can cause dramatic changes in marine

communities. However, we know little as to how ENSO events affect tropical sea-

grass beds over decadal timescales. Therefore, a diverse array of seagrass (Thalassia

hemprichii) habitat types were surveyed once every 3 months for 16 years (January

2001 to February 2017) in a tropical intertidal zone that is regularly affected by

both ENSO events and anthropogenic nutrient enrichment. La Niña and El Niño

events had distinct effects on the biomass and growth of T. hemprichii. During La

Niña years, higher (a) precipitation levels and (b) seawater nitrogen concentrations

led to increases in seagrass leaf productivity, canopy height, and biomass. However,

the latter simultaneously stimulated the growth of periphyton on seagrass leaves;

this led to decreases in seagrass cover and shoot density. More frequent La Niña

events could, then, eventually lead to either a decline in intertidal seagrass beds or

a shift to another, less drought‐resistant seagrass species in those regions already

characterized by eutrophication due to local anthropogenic activity.

K E YWORD S

ENSO, eutrophication, Halodule uninervis, La Niña, periphyton, Thalassia hemprichii

1 | INTRODUCTION

Seagrasses are marine flowering plants that are widely distributed

along the coastlines of tropical and temperate seas (Short, Car-

ruthers, Dennison, & Waycott, 2007), and seagrass beds provide

valuable ecosystem services to humankind (Cullen‐Unsworth et al.,

2016; Jackson, Rees, Wilding, & Attrill, 2015), such as the stabiliza-

tion of coastlines (Gacia & Duarte, 2001). Seagrasses are highly pro-

ductive (Duarte & Chiscano, 2005) and can efficiently sequester

large quantities of CO2; they therefore serve as important carbon

sinks (Fourqurean et al., 2001; Huang, Lee, Chung, Hsiao, & Lin,

2015) and influence the coastal carbon cycle (Duarte et al., 2006).

Seagrass leaves and rhizomes provide myriad habitats for a varity of

infauna and epifauna (Hori et al., 2009; Orth & Heck, 1984), and

seagrass beds are consequently important nursery grounds for a

plethora of marine species (Heck, Hays, & Orth, 2003). Seagrasses

themselves are food sources for many organisms, such as dugongs,

green turtles, parrotfish, and sea urchins (Lee, Huang, Chung, Hsiao,

& Lin, 2015; Preen, 1992; Williams, 1988).

Unfortunately, seagrass ecosystems are in decline worldwide due

predominantly to anthropogenic activity (e.g., coastal development

and seawater pollution; Orth et al., 2006). It is therefore crucial to

better understand seagrass dynamics in response to both
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anthropogenic and natural stressors, particularly over decadal time-

scales. El Niño‐Southern Oscillation (ENSO) events have been sug-

gested to influence seagrass dynamics (Limpus & Nicholls, 2000;

Echavarria‐Heras, Solana‐Arellano, & Franco‐Vizcaíno, 2006), though
very limited data exist on this topic. ENSO events in the eastern

Pacific Ocean are either associated with seawater warming (“El
Niño”) or cooling (“La Niña”; Trenberth, 1997), and the former can

compromise the health of temperature‐sensitive reef corals (Claar,

Szostek, McDevitt‐Irwin, Schanze, & Baum, 2014; Yu, Zhao, Shi, &

Price, 2012). The California Current can be disturbed by El Niño due

to changes in seawater temperature; this then decreases phytoplank-

ton abundance in the Northeastern Pacific and reduces the food

supply of numerous fish, birds, and mammals (Fisher, Peterson, &

Rykaczewski, 2012). ENSO events can also lead to nutrient limitation

in some macroalgal species (Hernández‐Carmona, Riosmena‐Rodrí-
guez, Serviere‐Zaragoza, & Ponce‐Díaz, 2011; Hernández‐Carmona,

Robledo, & Serviere‐Zaragoza, 2001) and cause phase shifts from

one dominant kelp species to another (Edwards & Hernández‐Car-
mona, 1993). ENSO events can also cause heavy rainfall, which may

elicit changes in river discharge, salinity, nutrient cycling, algal bio-

mass, phytoplankton diversity, plant‐herbivore interactionss (e.g.,

Canepuccia et al., 2013; Doan‐Nhu, Nguyen‐Ngoc, & Dippner, 1991;

Doan‐Nhu, Nguyen‐Ngoc, & Nguyen, 1999; Lehman & Smith, 1991),

and even the death of benthic organisms and mangroves (Valiela

et al., 2012).

High temperatures associated with ENSO events resulted in the

loss of (a) the seagrasses Amphibolis antarctica and Zostera spp. in

shallow subtidal and intertidal areas of Southern Australia (Seddon,

Connolly, & Edyvane, 2000) and (b) the seagrass Phyllospadix torreyi

in Baja California (Hernández‐Carmona et al., 2009). In Florida, an

ENSO event is likely to have caused a decline in abundance of the

seagrass species Thalassia testudinum, possibly due to the heavy

rainfall and consequent reduction in light caused by phytoplankton

blooms (Carlson et al., 2003). However, the biomass and productiv-

ity of the seagrass Zostera marina at Brown Island, Washington

(USA) increased during an ENSO event, despite the coincident

decrease in precipitation (Nelson, 1997); this may have been due

to the increase in daily irradiance time during the ENSO event.

Higher Z. marina density and biomass were also reported during a

La Niña event (Thom et al., 2003). These studies, however, typically

encompassed only 1–2 ENSO events, and no long‐term observa-

tions of the effects of ENSO events on seagrasses have been

undertaken.

Thalassia hemprichii is one of the most widely distributed tropical

seagrasses in the Western Pacific (Mukai, 1993). It often inhabits

intertidal zones, as it is tolerant of high irradiance and aerial expo-

sure (Lan, Kao, Lin, & Shao, 2005). In this study, three different sea-

grass habitat types, all of which being dominated by T. hemprichii,

were surveyed: (a) an exposed, high‐elevation (i.e., shallow) intertidal

site, (b) an exposed, low‐elevation (i.e., deeper) intertidal site; and (c)

a tide pool. Sites within each habitat type were surveyed every

3 months for 16 years (January 2001 to February 2017) to examine

the long‐term effects of ENSO and La Niña events on seawater

quality, sediment characteristics, and seagrass biomass and growth.

As the biomass and growth of T. hemprichii are generally higher dur-

ing the southwest monsoon season, when the water is warmer and

the heavy rains bring more terrestrial nutrients into the beds (Lin &

Shao, 1998), we hypothesized that the seagrass biomass and produc-

tivity would be higher during high‐precipitation + nutrient level La

Niña events despite the slightly cooler water temperatures associ-

ated with them. In other words, we hypothesized that precipitation

and nutrient levels would have a greater impact than temperature

on the dynamics of T. hemprichii.

2 | MATERIALS AND METHODS

2.1 | Study sites

Two of the three study sites were located in the intertidal reef

flats of Nanwan Bay, the southernmost embayment of Taiwan

(Figure 1), while the final study site, Wanliton, was located along

the western coast of the Hengchun Peninsula in the Taiwan Strait.

Nanwan Bay is a semi‐enclosed embayment bounded by two

capes of the Hengchun Peninsula and possesses well‐developed
fringing reefs distributed along the shoreline. Raised reefs scat-

tered across the peninsula form several levels of fringing coastal

terraces. There is a cyclonic circulation eddy as the tidal current

ebbs during spring tides in Nanwan Bay. More than six million

tourists visit the Hengchun Peninsula annually to dive and, more

generally, enjoy its tropical coastal atmosphere (www.ktnp.gov.tw/

eng/home/index.asp). Consequently, the marine ecosystems have

been disturbed significantly, especially as a result of the release of

large quantities of untreated human waste (Lin, Wu, Kao, Kao, &

Meng, 2007), which has led to excessive nutrient loading (816 kg

N km−2 year−1) into Nanwan Bay followed by, at times, algal

blooms (Liu, Meng, Liu, Wang, & Leu, 2012). The dissolved inor-

ganic nitrogen (DIN) concentrations, but not dissolved inorganic

phosphorus (DIP) concentrations, at all six stations (Table 1) were

higher than the background levels measured previously on the

nearby coral reefs of Nanwan Bay (DIN: 2.11–2.24 μM; Liu, Lin,

et al., 2009).

The first site, “Nanwan,” was on the eastern coast of Nanwan

Bay (Table 1 and Figure 1). The mixed Thalassia‐Halodule seagrass

community covered approximately 4,000 m2, with T. hemprichii being

more dominant. H. uninervis was observed only in small patches and

comprised 1.1% of the total cover in the low‐elevation zone (often

in depths >30 cm). Two seagrass beds, deemed Nanwan‐High

(“NH”) and Nanwan‐Low (“NL”), had mean substrate levels of 1.17

and 0.99 m above the local chart datum, respectively. The referred

datum plane of all tide gauge stations was based on the mean sea

level of the tide gauge stations at the far‐northern Taiwanese city of

Keelung (25°08′24.4′′N, 121°47′59.9′′E).
The second study site was located at Dakwan, on the western

coast of Nanwan Bay (Table 1 and Figure 1). At Dakwan, the mixed

Thalassia‐Halodule seagrass community covered approximately

3,000 m2, with T. hemprichii being more dominant and H. uninervis
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being observed only in deeper waters (1.7% of the total cover). The

two sites, named Dakwan‐High (“DH”) and Dakwan‐Low (“DL”),
were 1.19 and 0.99 m above the chart datum, respectively. At the

final, Taiwan Strait study site of Wanliton (Table 1 and Figure 1),

two seagrass beds, identified as Wanliton (“W”) and Wanliton‐North

(“WN”), were selected, and each consisted of a 25 m2 T. hemprichii

community at about 0.85 m above the chart datum. At W, sea-

grasses were within tide pools and were always submerged during

low tides. The exposure time of WN, however, was more like that of

a low‐elevation site (Table 1). Sampling was not conducted at W

from 2009 to 2014 because the seagrass bed was buried by sedi-

ments as a result of Typhoons Morakot and Parma in 2009.

There were two different habitat types at each site, and, in total,

there were two high‐elevation sites (NH and DH), three low‐eleva-
tion sites (NL, DL, and WN), and one tide pool site (W). All seagrass

beds were partially protected from wave action by a 5–10‐m‐wide

zone of elevated fringing reef, and their substrata were covered by

at least 5 cm of coral sand and debris. The seawater in these beds

undergoes a complete exchange with open ocean seawater at high

tide. During low tides, seagrasses in both the high and low‐elevation
beds may have been exposed to the air for ephemeral periods (min-

utes–hours), though the exposure time of T. hemprichii in the high‐el-
evation beds was about 10 times longer than in the low elevation

ones (Lan et al., 2007).

The coast of the Hengchun Peninsula has a mixed and predomi-

nantly semi‐diurnal tidal cycle (Chinese Naval Hydrographic and

Oceanographic Office), and the region is characterized by a tropical

climate with distinct dry (winter–spring [November–April]) and wet

(summer–fall [May–October]) seasons. Maximum mean seawater

temperature in the shallow seagrass beds (32.2°C) typically occurs in

July, with the minimum (24.1°C) in January. Sunshine decreases in

winter (170–190 hr/month) compared with the rest of the year

(200–230 hr/month). During the dry season, when northeast winds

prevail, mean monthly rainfall normally does not exceed 60 mm.

During the wet season, however, average monthly rainfall frequently

exceeds 320 mm, when southwest winds bring considerable quanti-

ties of rain. The northeastern monsoonal winds are extremely force-

ful during the dry season (3.5–6.1 m/s), with speeds of only 2.6–
3.1 m/s during the wet season.

2.2 | Seagrass sampling

Environmental and seagrass data were acquired in January (winter),

April (spring), July, (summer), and October (autumn) from 2001 to

2017 (n = 68 sampling times). No data were collected at Nanwan

and Dakwan from 2004 to 2005 due to budget cuts, and the sam-

pling at WN began in 2006. The Oceanic Nino Index (ONI) data

were acquired from the National Oceanic and Atmospheric Adminis-

tration (NOAA) website to determine the official starting date of

each ENSO event (https://www.cpc.ncep.noaa.gov/products/analy

sis_monitoring/ensostuff/ensoyears.shtml). An ENSO event was

defined when ONI > 0.5 (El Niño) or <−0.5 (La Niña) for five contin-

uous months (as recommended by NOAA).

Sampling was conducted at low tide because turbidity was at a

minimum and conditions were more amenable to field work. T. hem-

prichii cover, shoot density, canopy height, biomass, leaf growth rate,

and leaf productivity were all measured at each of the six beds at

each sampling time (though see exceptions above). One fixed tran-

sect perpendicular to the shore was surveyed at each site, and per-

manent marker posts were deployed on the coast to indicate the

start of the transect line. The length of the transect depended on

the width of the seagrass bed and extended to the outer limits of

the beds (i.e., ~30 m, at which point T. hemprichii was no longer

observed).

The cover, shoot density, and canopy height of T. hemprichii at

the study sites was estimated at 5‐m intervals along the transect

using the methods of Lin and Shao (2009). A quadrat (50 × 50 cm2)

divided into 25 squares (10 × 10 cm2 each) was placed on the sub-

strate right next to the transect line, and the cover of T. hemprichii

in each of the 25 squares was scored using the classifications

F IGURE 1 Seagrass bed (Thalassia
hemprichii) study sites in the Hengchun
Peninsula of Southern Taiwan. Seagrasses
are predominantly distributed in the
intertidal zone of the three study sites
within 30 m distance from the shore, while
nearby coral reefs are widespread and
prolific down to 50 m. See Table 1 for
additional site details
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developed by Saito and Atobe (1970). The shoot density was esti-

mated in the same quadrats by counts of individual shoots within

five permanent squares in a fixed diagonal of each quadrat. The

canopy height was determined by measuring the length of individual

shoots within each square and calculating the average (sensu Short,

McKenzie, Coles, Vidler, & Gaeckle, 2006).

Three seagrass biomass samples were also collected at each bed

at each sampling time. Each biomass sample consisted of approxi-

mately 10 seagrass shoots and was collected at a random location

nearby the transect line (but not directly on the line) using a spade.

Data were pooled across the 10 shoots to reduce intra‐sample vari-

ability. In the laboratory these biomass samples were rinsed quickly

with freshwater and divided into an aboveground part (leaves and

sheaths) and a belowground part (rhizomes and roots). Periphyton

were gently scraped off the leaves with the edge of a glass slide.

Periphyton biomass was determined from 2006 to 2013 and again

in 2016. After removing periphyton, seagrass samples were dried

24 hr at 60°C to constant weight (dry weight [DW]). The root

(belowground part) to shoot (aboveground part) ratio (R/S) was calcu-

lated as in Fonseca and Cahalan (1995).

The seagrass leaf growth rate was determined in three random

plots (10 × 10 cm2 each) at each bed using the leaf marking method

(Short, 1987). This method is considered the most suitable for large‐
scale monitoring studies of seagrass production in tropical environ-

ments (Erftemeijer, Osinga, & Mars, 1993). Approximately 10 plants

were randomly selected and marked in each plot. A small hole was

punched through all of the leaves at the base of each shoot to provide

a reference level. Brouns (2003) suggested that the minimum time

interval between marking and harvesting should be slightly longer than

the species’ plastochrone interval (i.e., the interval between the

appearance of successive leaves). Based on our pilot study, approxi-

mately 7 days after initial marking, the shoot was cut at the base, and

the new growth increments of the leaves were cut off and dried 24 hr

at 60°C to DW. Using these measurements, the leaf growth rate was

then expressed two ways: as specific growth rate (mg DW g−1 day−1)

and as leaf productivity (mg DW shoot−1 day−1).

TABLE 1 Environmental data of the six seagrass bed study sites of Southern Taiwan’s Hengchun Peninsula. Data were acquired in January,
April, July, and October from 2001 to 2017 (mean ± SE; n = 68)

Location
Nanwan
(21°57.30′N; 120°5.30′E)

Dakwan
(21°57.12′N; 120°44.30′E)

Wanliton
(21°59.02′N; 120°42.45′E)

Seagrass species present Thalassia and Halodule Thalassia and Halodule Thalassia only

Approximate seagrass bed area (m2) 4,000 3,000 50

Yearly N loading rates (mg N km−1 year−1) 46 282 NA

Site abbreviation NH NL DH DL W WN

Habitat type High Low High Low Tide pool Low

Mean substrate elevation (m) 1.17 0.99 1.19 0.99 0.85 0.85

Mean exposure time during daylight (hr) 7.63 0.75 7.63 0.75 0 0.75

Environmental parameters

Light extinction coefficient (m−1) 1.36 ± 0.09 1.24 ± 0.12 1.32 ± 0.07 1.34 ± 0.05 1.12 ± 0.05 1.29 ± 0.09

Seawater temperature (°C) 27.8 ± 1.82 27.5 ± 1.44 28.4 ± 1.55 28.5 ± 1.59 28.7 ± 1.71 28.4 ± 1.87

Seawater salinity 33.9 ± 0.26 33.8 ± 0.54 33.8 ± 0.49 33.8 ± 0.55 31.1 ± 0.53 31.1 ± 1.24

Seawater DIN (μM) 3.02 ± 0.29 4.15 ± 0.82 3.86 ± 0.87 4.53 ± 1.26 8.63 ± 2.94 6.05 ± 1.30

Seawater DIP (μM) 0.18 ± 0.01 0.21 ± 0.19 0.23 ± 0.02 0.21 ± 0.01 0.38 ± 0.11 0.17 ± 0.01

Sediment depth (cm) 10.52 ± 0.31 12.01 ± 0.37 9.57 ± 0.21 9.45 ± 0.29 9.16 ± 0.57 9.84 ± 0.35

Sediment grain size (mm) 0.56 ± 0.02 0.58 ± 0.01 0.51 ± 0.03 0.48 ± 0.03 1.26 ± 0.07 0.80 ± 0.04

Sediment S/C content (%) 1.59 ± 0.17 2.74 ± 0.32 1.11 ± 0.10 1.15 ± 0.08 0.61 ± 0.05 1.36 ± 0.10

Seagrass response variables

Thalassia cover (%) 19.0 ± 1.02 10.9 ± 0.85 20.2 ± 1.39 16.8 ± 1.12 17.0 ± 1.89 16.0 ± 2.04

Approximate Halodule cover (%) 0 1.1 0 1.7 0 0

Seagrass density (shoots 100 cm−2) 4.40 ± 0.10 2.57 ± 0.21 5.57 ± 0.27 3.65 ± 0.14 3.68 ± 0.50 4.57 ± 0.39

Seagrass canopy height (cm) 5.48 ± 0.19 7.84 ± 0.49 5.52 ± 0.16 6.28 ± 0.25 8.32 ± 0.74 6.63 ± 0.42

Aboveground biomass (g DW shoot−1) 0.079 ± 0.004 0.104 ± 0.008 0.077 ± 0.004 0.090 ± 0.005 0.106 ± 0.004 0.081 ± 0.007

Belowground biomass (g DW shoot−1) 0.151 ± 0.005 0.145 ± 0.002 0.117 ± 0.003 0.121 ± 0.002 0.107 ± 0.007 0.115 ± 0.003

Leaf productivity (mg DW shoot−1 day−1) 1.22 ± 0.13 1.62 ± 0.18 1.23 ± 0.12 1.41 ± 0.18 1.81 ± 0.20 1.31 ± 0.24

Specific growth rate (mg DW g−1 day−1) 16.69 ± 1.38 16.80 ± 1.14 17.29 ± 1.42 16.76 ± 2.61 18.25 ± 1.87 16.63 ± 1.94

Periphyton biomass (mg DW shoot−1) 1.67 ± 0.42 5.88 ± 1.63 1.27 ± 0.26 2.58 ± 0.61 2.99 ± 0.63 1.62 ± 0.30

Note. NA: data not available.
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2.3 | Environmental parameters

Temperature, salinity, turbidity, DIN (NH4 + NO2 + NO3) and DIP

(PO4) concentrations were also measured in triplicate in each of the

six seagrass beds at each sampling time. The temperature and salin-

ity of the seawater above the seagrass beds were measured at the

high tide before each sampling time using a portable YSI‐600XLM
meter (YSI, USA). Turbidity, defined as the water extinction coeffi-

cient for photosynthetically active radiation (PAR), was determined

by light measurements using a Li‐Cor Li‐189 quantum meter. Water

samples collected for nutrient analysis were filtered in the field

through 0.45‐µm MFS cellulose nitrate membrane filters and trans-

ported back to the laboratory on ice.

At the laboratory, these samples were analyzed colorimetrically

for PO4 (sensu Murphy & Riley, 1962), NH4 (sensu Pai, Tsau, &

Yang, 2001; Parsons, Maita, & Lalli, 1984), NO3 (sensu Jenkins &

Medsker, 1964), and NO2 (sensu Pai, Yang, & Riley, 1990; Parsons

et al., 1984). Precipitation, solar radiation, wind speed, and tidal

height data were acquired from the local Hengchun Weather Station

(Climatological Data Annual Report, Central Weather Bureau;

https://www.cwb.gov.tw/V7/climate/monthlyData/mD.htm) and

local tide tables (Chinese Naval Hydrographic and Oceanographic

Office; https://www.cwb.gov.tw/V7/forecast/fishery/tide_1.htm).

Because the leaf plastochrone interval of T. hemprichii is approxi-

mately 7 days, precipitation levels 7 days before surveys were

acquired for further analysis.

Three sediment samples were also collected at each sampling

time at a random location nearby the transect line of each bed using

a PVC corer with a 3.5‐cm diameter, and 10‐cm sediment cores were

taken. Grain size and silt/clay (S/C) content of the sediments were

determined following the granulometry methods of Hsieh (1995).

The sediment depth was also determined by insertion of a plastic

ruler vertically at three randomly selected locations in each of the

six seagrass beds at each sampling time because there might be

changes in sediment characteristics after rainfall (Liu et al., 2009).

2.4 | Statistical analyses

Based on ONI values, there were five El Niño and four La Niña

events in the Pacific Ocean from 2001 to 2017 (Table 2). The pre-

cipitation during the southwest monsoon season (the wet season)

decreased with increasing ONI (linear regression t‐test, p < 0.05; Fig-

ure 2), but no such association was detected during the northeast

monsoon season (i.e., the dry season; data not shown). Since sea-

sonal and spatial variation in the biomass and growth of T. hemprichii

have been well documented (Lin & Shao, 1998), the data collected

during the wet season only were used for examing ENSO effects in

this study by specifically considering seagrass responses in different

habitat types during wet season ENSO events when anthropogenic

nutrient enrichment is more likely (Lin et al., 1993).

Because some our data were heteroscedastic and non‐normally

distributed, we first examined the overall effects of ENSO (n = 3

periods; EN: El Niño, LA: La Niña, and No: normal period [neither El

Niño nor La Niña event occurring]; these abbreviations are used

throughout the figures and tables) and habitat type (n = 3 types;

“high:” exposed, high‐elevation intertidal zone, “low:” exposed, low‐
elevation intertidal zone, and “pool:” tide pool; these abbreviations

are used throughout the figures and tables) on environmental factors

(seawater quality and sediment characteristics) and seagrass

response variables using two‐factor permutational multivariate analy-

sis of variance (PERMANOVA; Anderson, 2001) in PRIMER 6.1.13 with the

PERMANOVA+ plug‐in (Anderson, Gorley, & Clarke, 2008), with ENSO

and habitat type as the two fixed factors and site (n = 3 sites; Nan-

wan, Dakwan, and Wanliton) nested within habitat type. Euclidean

F IGURE 2 The relationship between total precipitation during
the wet season (summer to autumn) and the Oceanic Nino Index
values from 2001 to 2017

TABLE 2 Maximum and minimum Oceanic Niño Index (ONI) values and duration for five El Niño and four La Niña events, respectively,
between 2001 and 2017

El Niño La Niña

Beginning End Maximum ONI Beginning End Minimum ONI

June 2002 February 2003 1.2 August 2007 June 2008 −1.4

July 2004 April 2005 0.7 July 2010 April 2011 −1.5

September 2006 January 2007 0.9 August 2011 February 2012 −1.0

July 2009 April 2010 1.3 August 2016 December 2016 −0.8

November 2014 May 2016 2.3

Note. https://www.cpc.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml

LIN ET AL. | 5



distance was used to create the resemblance distance matrix. An

alpha level of 0.05 was set a priori.

Two‐way ANOVAs were then used to test the effects of ENSO

and habitat type (with site nested within habitat type) on the envi-

ronmental, seagrass, and periphyton data. Before the analysis, all

data were tested for homogeneity of variance by Levene’s tests and

for normality by the Shapiro‐Wilk W‐test. Transformations were nec-

essary for (a) density and biomass (square root), (b) light extinction

coefficient, sediment S/C content, canopy height, and leaf productiv-

ity (fourth root); and (c) periphyton biomass (log) data. If significant

differences were detected (p < 0.05) in the two‐way ANOVA, indi-

vidual means were compared using Scheffé’s post‐hoc tests, or,

alternatively, Games‐Howell post‐hoc tests as a non‐parametric alter-

native if the variances were still non‐homogeneous after transforma-

tion. Stepwise multiple regressions were used to analyze the

relationships between seagrass and periphyton response variables

and environmental data. All univariate statistical analyses were

undertaken with SPSS 19.0.

A canonical analysis of principal coordinates (CAP) was finally

conducted with PRIMER 6.1.13 with the PERMANOVA+ plug‐in (Ander-

son et al., 2008) to model environmental differences over time by

considering three periods: El Niño, La Niña, and normal. This analy-

sis allowed us to determine the ideal discriminant groupings by car-

rying out correlations of related environmental variables along a

subset of axes (m; determined by maximizing the “leave‐one‐out”
allocation success). Initial diagnostics revealed that six axes encom-

passed 99% of the original variation, and the allocation success was

high (59.2% of the samples were correctly classified). To

characterize which seagrass variable(s) was/were responsible for the

differences among the three aforementioned periods revealed by

the CAP analysis, the vectors corresponding to Spearman correla-

tions of each seagrass variable with the resulting CAP axes were

superimposed.

3 | RESULTS

3.1 | Environmental data

During the wet season, PERMANOVA revealed that both ENSO and

habitat type significantly affected seawater quality and sediment

characteristics (Table 3). Regarding specific differences between

ENSO events (Table 4), precipitation levels 7 days before surveys

were two times higher during La Niña events (120.7 ± 15.8 mm [SE

for all error terms presented henceforth unless stated otherwise]) vs.

El Niño events (60.9 ± 9.17 mm; Figure 3a). Seawater temperature

(Figure 3b) was significantly lower (Table 4) during La Niña events

(30.67 ± 0.44°C) than during El Niño events (31.55 ± 0.40°C). The

light extinction coefficient (k; Figure 3c) was significantly higher dur-

ing La Niña events (1.72 ± 0.08 m−1) vs. El Niño events

(1.24 ± 0.07 m−1), and it was lower in tide pools than at the high‐el-
evation sites (Table 4). Salinity (Figure 3d) was significantly lower

during La Niña (30.61 ± 0.42) vs. El Niño events (33.22 ± 0.21), and

it was lower in tide pools than in the other two habitat types

(Table 4). The concentrations of DIN (Figure 3e) and DIP (Figure 3f)

averaged 5.04 ± 0.66 and 0.23 ± 0.02 µM, respectively, and,

although neither varied significantly across ENSO events (Table 4),

TABLE 3 Permutational analysis of variance (PERMANOVA) of environmental parameter and seagrass response variable data collected in the
wet season from 2001 to 2017

SS MS Pseudo‐F p (perm) Pairwise tests

Environmental parameters

ENSO period 249.18 124.59 8.61 0.001 Ela Nob Lac

Habitat type 83.61 41.80 2.89 0.034 Lowa Poola Highb

Site (habitat) 81.95 27.32 1.89 0.080

ENSO × habitat 28.75 7.19 0.50 0.861

ENSO × site (habitat) 119.50 19.92 1.38 0.165

Residuals 2,475.80 14.48

Total 3,229.00

Seagrass response variables

ENSO period 633.84 316.92 2.99 0.043 Ela Noa Lab

Habitat type 846.43 423.21 4.00 0.010 Higha Poola Lowb

Site (habitat) 4,737.00 1579 14.93 0.001 High: Na Da

Low: Na Da Wb

ENSO × habitat 627.44 156.86 1.48 0.193

ENSO × site (habitat) 1,236.60 206.10 1.95 0.057

Residuals 18,084.00 105.75

Total 26,686.00

Notes. D: Dakwan; El: El Niño event; High: high‐elevation site; La: La Niña period; Low: low‐elevation site; N: Nanwan; No: normal period (neither El
Niño nor La Niña event); Pool: tide pool; W: Wanliton.
Statistically significant effects (p < 0.05) have been highlighted in bold font.
Different letters indicate significant differences in the “Pairwise tests” column.
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the concentration of DIN tended to be higher during La Niña events

(Figure 3e). Both were significantly higher in tide pools than at high‐
elevation sites (Table 4).

During the wet season, no significant differences in sediment

depth, grain size, or S/C content were detected in response to ENSO

events (Table 4), and no significant differences in sediment depth

were observed across habitat types (Figure 3g). However, larger sed-

iment grain sizes and lower S/C content were observed in tide pools

compared to the high‐ and low‐elevation sites (Figure 3h,i, respec-

tively; Table 4).

3.2 | Seagrass response variables

PERMANOVA detected significant effect of ENSO events and habitat

types on seagrass biology (Table 3). When looking at the seagrass

data within a univariate framework, although neither seagrass cover

(Figure 4a) nor shoot density (Figure 4b) was significantly affected

by ENSO events (p = 0.13 and 0.10, respectively; Table 5), they

tended to be lower during La Niña events. The average cover and

shoot density of T. hemprichii across the three habitats was

16.64% ± 1.97% and 4.07 ± 0.55 shoots 100 cm−2 from 2001 to

2017, respectively. Both were significantly higher at the high‐eleva-
tion sites compard to lower ones. The mean canopy height was

6.68 ± 0.66 cm (Figure 4c), and it was 52.5% higher during La Niña

events (7.73 ± 0.45 cm) than during El Niño events (5.07 ± 0.24 cm);

it was also significantly higher at the low‐elevation and tide pool

sites than at the high‐elevation sites (Table 5).

The aboveground and belowground biomass of T. hemprichii

across all sites and sampling times averaged 0.089 ± 0.008 and

0.126 ± 0.009 g DW shoot−1, respectively (Figure 4d,e, respectively).

During the wet season, aboveground biomass was 27.6% higher dur-

ing La Niña events (0.097 ± 0.004 g DW shoot−1) than during El

Niño events (0.076 ± 0.004 g DW shoot−1; Table 5). However,

ENSO events did not affect the belowground biomass, nor did they

affect the R/S ratio, which averaged 1.66 ± 0.21 across all habitat

types and sampling times (Figure 4f). Aboveground and belowground

biomass and the R/S ratio were all significantly higher at the high‐el-
evation sites than in tide pools (Table 5).

The leaf productivity (Figure 4g) and specific growth rate (Fig-

ure 4h) of T. hemprichii across all sampling sites and times averaged

1.43 ± 0.19 mg DW shoot−1 day−1 and 6.79 ± 1.73 mg DW g−1

day−1, respectively. During the wet season, the leaf productivity was

significantly higher (6.75%) during La Niña events (1.74 ± 0.08 mg

TABLE 4 Two‐way ANOVA results of El Niño Southern
Oscillation (ENSO) event, habitat type, and site nested within habitat
type on environmental parameter data collected in the wet season
from 2001 to 2017

MS F p Post‐hoc test

Precipitation (7 days pre‐survey; mm; Figure 3a)

ENSO period 4.03 9.39 <0.01 La > El, No

Habitat type 0.03 0.07 0.93

Site (habitat) 0.12 0.28 0.84

ENSO × Habitat 0.01 0.03 1.00

Seawater temperature (°C; Figure 3b)

ENSO period 47.3 4.99 0.01 El, No > La

Habitat type 9.44 1.00 0.37

Site (habitat) 8.00 0.85 0.47

ENSO × habitat 1.47 0.16 0.96

Light extinction coefficient (m−1; Figure 3c)

ENSO period 2.99 5.32 0.01 La > El, No

Habitat type 2.26 4.02 0.02 High > Pool

Site (habitat) 0.06 0.10 0.96

ENSO × habitat 0.85 1.51 0.20

Salinity (Figure 3d)

ENSO period 130.1 20.5 <0.01 El > No > La

Habitat type 101.9 15.9 <0.01 High, Low > Pool

Site (habitat) 37.8 5.89 <0.01 D, N > W

ENSO × habitat 12.4 1.93 0.11

DIN concentration (µM; Figure 3e)

ENSO period 0.00 0.03 0.97

Habitat type 2.29 17.9 <0.01 Pool > High, Low

Site (habitat) 0.02 0.14 0.94

ENSO × habitat 0.19 1.52 0.20

DIP concentration (µM; Figure 3f)

ENSO period 0.06 2.39 0.09

Habitat type 0.31 12.9 <0.01 Pool > High, Low

Site (habitat) 0.00 0.05 0.98

ENSO × habitat 0.01 0.38 0.83

Sediment depth (cm; Figure 3g)

ENSO period 0.01 0.76 0.47

Habitat type 0.03 1.70 0.18

Site (habitat) 0.08 5.57 <0.01 N > D, W

ENSO × habitat 0.01 0.48 0.75

Sediment grain size (mm; Figure 3h)

ENSO period 0.01 0.43 0.65

Habitat type 0.52 48.8 <0.01 Pool > High, Low

Site (habitat) 0.04 3.85 0.01 W > D, N

ENSO × Habitat 0.01 0.77 0.55

(Continues)

TABLE 4 (Continued)

MS F p Post‐hoc test

Silt/clay content (%; Figure 3i)

ENSO period 0.06 2.16 0.12

Habitat type 0.45 15.7 <0.01 High, Low > Pool

Site (habitat) 0.28 9.83 <0.01 N, D > W

ENSO × Habitat 0.03 1.00 0.41

Notes. D: Dakwan; El: El Niño event; High: high‐elevation site; La: La
Niña period; Low: low‐elevation site; N: Nanwan; No: normal period (nei-
ther El Niño nor La Niña event); Pool: tide pool; W: Wanliton.
Statistically significant findings (p < 0.05) have been highlighted in bold
font.
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DW shoot−1 day−1) vs. El Niño events (1.63 ± 0.09 mg DW shoot−1

day−1; Table 5). However, the specific growth rate did not differ in

response to ENSO events (Table 5). Both variables were significantly

lower at the high‐elevation sites than in tide pools (Table 5).

3.3 | Periphyton biomass

The periphyton biomass averaged 2.67 ± 1.06 mg DW shoot−1 in

the three habitats across all sampling times. Although no significant

difference in periphyton biomass was detected in response to ENSO

events due to high spatio‐temporal variation (Figure 4i), the biomass

tended to be higher during La Niña events at the low‐ and high‐ele-
vation sites. Finally, periphyton biomass was significantly higher at

the low‐elevation sites than at high‐elevation sites (Table 5).

3.4 | Multiple regression and CAP analyses

Numerous seagrass response variables were significantly correlated

with environmental parameters, most notably ONI values (Table 6).

Seagrass cover, canopy height, belowground biomass, R/S ratio, and

periphyton biomass were all significantly correlated with ONI. Sea-

grass cover and the R/S ratio were positively correlated with ONI

(i.e., they increased during the drier El Niño events), but canopy

height, belowground biomass, and periphyton biomass were

negatively correlated with ONI; their values increased during the

higher precipitation La Niña events. Shoot density, leaf productivity,

and specific growth rate were negatively correlated with salinity or

sediment S/C content.

CAP analysis (Figure 5) revealed that La Niña events could be

clearly separated from the other two periods by the first canonical

axis (δ1
2 = 0.45). El Niño events could be further separated from

normal periods by the second canonical axis (δ1
2 = 0.16), albeit less

so. While seagrass beds surveyed during La Niña events were char-

acterized by higher canopy heights, aboveground and belowground

biomass, and leaf productivity, those surveyed/sampled during El

Nino events were characterized by higher R/S ratios, shoot density,

and cover (Figure 5).

4 | DISCUSSION

El Niño‐Southern Oscillation events can last for more than 6 months,

affecting regional precipitation levels, as well as seawater quality and

sediment characteristics. We found that monsoonal (i.e., wet season)

precipitation increased during La Niña events, resuling in lower sea-

water temperatures and salinity and higher turbidity, DIN concentra-

tions, and sediment silt/clay content. ENSO events have also

affected seawater quality elsewhere (Lehman & Smith, 2004;

Tomasko, Corbett, Greening, & Raulerson, 2005; Valiela et al., 2012).

F IGURE 3 Normal quantile plots of precipitation (7 days pre‐survey; (a), seawater temperature (b), light extinction coefficient (c), salinity (d),
dissolved inorganic nitrogen (DIN) concentration (e), dissolved inorganic phosphorus (DIP) concentration (f), sediment depth (g), sediment grain
size (h), and silt/clay content (i) at three habitat types: high‐elevation (“High”), low‐elevation (“Low”), and tide pools (“Pool”) measured in the
wet season from 2001 to 2017. Post‐hoc differences (see Table 4) have been mentioned at the top of each panel when habitat and/or ENSO‐
related differences were detected in the two‐way ANOVA
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In this study, heavy precipitation associated with La Niña events

nearly halved the salinity (from 35 to 20); however, such a dramatic

drop did not appear to affect the leaf growth of the intertidal sea-

grass T. hemprichii.

The lower temperature and higher turbidity associated with La

Niña were also expected to reduce the growth of T. hemprichii, as

has been documented previously (e.g., Lee, Park, & Kim, 2007). How-

ever, such was not the case herein, and seagrass canopy height, leaf

productivity, and aboveground biomass were all significantly higher

during La Niña events, and particularly during the 2‐year 2010–2011
La Niña event. Whether the precipitation itself, or instead the

increase in coastal nutrient levels elicited by such heavy rains (Lin

et al., 1993), was more important in regulating the growth of T. hem-

prichii in our intertidal study remains to be determined, and is dis-

cussed in more detail below. It is worth noting here that Thom et al.

(2003) also documented positive effects of ENSO events on seagrass

density, biomass, and flowering.

The increases in DIN concentration and sediment silt/clay con-

tent associated with La Niña events at the low‐ and high‐elevation
sites may also have led to the increases in periphyton biomass docu-

mented herein during such events. In the Hengchun Peninsula, heavy

rains lead to more sewage runoff from land (Lin et al., 1993). Yearly

N loading rates per unit length of shoreline were estimated to be

282 and 46 mg N km−1 year−1 at Dakwan and Nanwan, respectively

(Table 1 and Lin et al., 1993), which are considered high compared

to other coral reefs (e.g., Ishigaki Island, Japan in Umezawa, Miya-

hima, Yamamuro, Kayanne, & Koike, 2002). This could be why maxi-

mum DIN concentrations were documented during La Niña events.

We propose that such high nitrogen levels (Table 1) may have con-

tributed to the higher periphyton biomass during La Niña events, as

was also reported by Lin et al. (1993). Periphyton biomass actually

reached 30 mg DW shoot−1 at NL, which was equivalent to 15% of

the seagrass biomass. Therefore, their potential impacts on seagrass

health cannot be discounted, as negative impacts of periphyton

overgrowth on seagrasses have been reported (Short, Burdick, &

Kaldy, 1995; Valiela et al., 1997), and this may be due to their block-

ing the light that would otherwise reach the leaves (Asaeda, Sultana,

Manatunge, & Fujino, 2004) or, alternatively, their absorption of

nutrients that would otherwise be uptaken by seagrass leaves (Orth

& van Montfrans, 1984).

Grazers of periphyton were rarely observed in the studied sea-

grass beds (data not shown), and Chiu, Huang, and Lin (2001) and

Liu, Shao, et al. (2009) both found that herbivory levels at the study

sites are too low to control the excess growth of macroalgae

(namely the chlorophytes Enteromorpha intestinalis, E. prolifera, and

Ulva lactuca and the rhodophyte Gracilaria coronopifolia) resulting

from nutrient enrichment (Lin et al., 1993). Therefore, the shedding

of old leaves, rather than the consumption of periphyton by marine

F IGURE 4 Normal quantile plots of (a) seagrass cover, (b) density, (c) canopy height, (d) aboveground biomass, (e) belowground biomass, (f)
R/S ratio, (g) leaf productivity, (h) specific growth rate, and (i) periphyton biomass at the three habitat types: high‐elevation (“High”), low‐
elevation (“Low”), and tide pools (“Pool”) measured in the wet season from 2001 to 2017. Post‐hoc differences (see Table 5) have been
mentioned at the top of each panel when habitat and/or ENSO‐related differences were detected in the two‐way ANOVA
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herbivores, may be the primary means of reducing the impacts of

periphyton overgrowth on Southern Taiwan’s seagrasses. In the wet

season, the mean leaf productivity was 1.667 mg DW shoot−1

day−1, and the mean aboveground biomass was 0.091 g DW

shoot−1; this equates to a turnover time for a seagrass shoot of

50 days. Periphyton overgrowth on seagrass leaves for such an

extended period should eventually lead to a decline in seagrass bio-

mass; however, the biomass and growth of T. hemprichii were both

higher when periphyton biomass was at a maximum. This may be

due to the positive impacts of the aforementioned, coincidently high

nitrogen levels associated with La Niña events. Despite such

increases in biomass and growth, the mean cover and density of T.

hemprichii actually decreased markedly (21% and 11%, respectively)

during La Niña events. On the other hand, the mean cover and den-

sity of T. hemprichii increased 8% and 7%, respectively, during El

Niño events.

We hypothesize that the reduction in seagrass cover during La

Niña events is mainly due to the aforementioned overgrowth of peri-

phyton on seagrass leaves, and the increased nutrient loading

brought upon by the heavy La Niña wet season rains may have stim-

ulated the growth of such periphyton (Figure 6a). Tropical macroalgal

biomass generally shows a distinct seasonal pattern, with blooms in

winter and lower biomasses in summer (e.g., Lin & Hung, 2004).

Higher macroalgal diversity has been observed in the winter (dry sea-

son) than in summer (wet season) in the intertidal seagrass beds of

Nanwan Bay (Lin et al., 1993). Lin and Hung (1997) surmised that the

intense summer irradiance (>2000 μmol photons m−2 s−1) at the sur-

face of Southern Taiwan is likely to limit the growth of macroalgae.

This could explain the observation documented herein that periphy-

ton biomass was significantly higher at the low‐elevation sites than at

the high‐elevation ones; since the exposure time was much less at

the low‐elevation sites, the higher seagrass cover during the drier El

Niño events might be due to the decrease in precipitation and longer

exposure times to high irradiances, which likely suppressed the

growth of periphyton on seagrass leaves (Figure 6b). However, T.

hemprichii appears not to benefit from the longer irradiance times

because its leaf productivity, canopy height, and biomass decreased

during the drier El Niño events. It appears again that nutrient loading

elicited by rains was more important in regulating the growth of T.

hemprichii in our intertidal study than temperature or light.

Interspecific competition and resource availability are important

in structuring intertidal seagrass communities (Tilman, 1985). In the

Caribbean, T. testudinum and H. wrightii are sister species of the

TABLE 5 Two‐way ANOVA results of El Niño Southern
Oscillation (ENSO) event, habitat type, and site nested within habitat
type on seagrass response variable data collected in the wet season
from 2001 to 2017

MS F p Post‐hoc test

Seagrass cover (%; Figure 4a)

ENSO period 253.6 2.06 0.13

Habitat type 390.6 3.18 0.04 High > Low

Site (habitat) 680.2 5.53 <0.01 D > W > N

ENSO × Habitat 236.8 1.93 0.11

Seagrass shoot density (shoots 100 cm−2; Figure 4b)

ENSO period 9.96 2.34 0.10

Habitat type 45.2 10.6 <0.01 High > Low, Pool

Site (habitat) 62.3 14.6 <0.01 D > W, N

ENSO × Habitat 3.85 0.90 0.46

Seagrass canopy height (cm; Figure 4c)

ENSO period 0.51 19.7 <0.01 La, No > El

Habitat type 0.16 6.32 <0.01 Low, Pool > High

Site (habitat) 0.03 1.33 0.27

ENSO × Habitat 0.03 1.30 0.27

Aboveground biomass (g DW shoot−1; Figure 4d)

ENSO period 0.00 2.81 0.05 La > El

Habitat type 0.01 5.93 <0.01 Pool > High, Low

Site (habitat) 0.02 14.9 <0.01 W > N > D

ENSO × habitat 0.00 0.42 0.80

Belowground biomass (g DW shoot−1; Figure 4e)

ENSO period 0.02 2.38 0.10

Habitat type 0.01 4.91 0.01 High, Low > Pool

Site (habitat) 0.00 4.43 <0.01 N > D, W

ENSO × habitat 0.00 1.14 0.34

R/S ratio (Figure 4f)

ENSO period 0.16 2.24 0.11

Habitat type 0.49 6.71 <0.01 High > Low > Pool

Site (habitat) 0.57 7.87 <0.01 N > D > W

ENSO × Habitat 0.13 1.79 0.14

Leaf productivity (mg DW shoot−1 day−1; Figure 4g)

ENSO period 2.60 7.01 0.01 La > El

Habitat type 5.51 14.9 <0.01 Pool > Low > High

Site (habitat) 0.36 0.97 0.41

ENSO × Habitat 0.54 1.46 0.22

Specific growth rate (mg DW g−1 day−1; Figure 4h)

ENSO period 6.20 0.53 0.59

Habitat type 150.2 12.9 <0.01 Pool > Low, High

Site (habitat) 35.9 3.06 0.03 W > D > N

ENSO × Habitat 7.65 0.65 0.63

(Continues)

TABLE 5 (Continued)

MS F p Post‐hoc test

Periphyton biomass (mg DW shoot−1; Figure 4i)

ENSO period 0.01 0.38 0.68

Habitat type 0.17 11.3 <0.01 Low > High

Site (habitat) 0.03 2.22 0.09

ENSO × Habitat 0.02 1.53 0.19

Notes. D: Dakwan; El: El Niño event; High: high‐elevation site; La: La
Niña period; Low: low‐elevation site; N: Nanwan; No: normal period (nei-
ther El Niño nor La Niña event); Pool: tide pool; W: Wanliton.
Statistically significant findings (p < 0.05) have been highlighted in bold
font.
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Indo‐Pacific T. hemprichii and H. uninervis, respectively. H. wrightii is

classified as a pioneer species due to its rapid growth rate and

unique branching patterns that allow for expansive lateral growth

(Gallegos, Martín Merino, Rodriguez, Marbà, & Duarte, 1994). Rose

and Dawes (1999) found interspecific interactions with H. wrightii to

be an important determinant of T. testudinum productivity, and Four-

qurean, Powell, Kenworthy, and Zieman (2017) attributed the decline

of T. testudinum at fertilized sites to outcompetition by H. wrightii in

response to nutrient enrichment. While T. hemprichii often occupies

the upper intertidal zone, H. uninervis inhabits the lower intertidal

zone elsewhere in the Indo‐Pacific (Mukai, 1993), as well as at our

study sites. This is because, compared to T. hemprichii, H. uninervis is

not as drought‐resistant (Lan et al., 2007), and airial exposure

constrains the distribution of H. uninervis in the upper intertidal zone

(Lan et al., 2007). However, its rhizomes grow 1.5 times faster than

those of T. hemprichii (Duarte, 2010), making it a potent competitor.

The higher cover of H. uninervis in the lower intertidal zone likely

stems from its fast growth rates, and, more generally, its ability to

effectively compete for space (Lan et al., 2007). Although the leaves

of H. uninervis are narrower (mean width of H. uninervis: 0.20 cm vs.

T. hemprichii: 0.55 cm), the leaves are also longer than those of T.

hemprichii (mean length of H. uninervis: 13 cm vs. T. hemprichii:

5 cm). Consequently, the leaf areas are similar for both species. As

we discussed above, the shedding of old leaves may be the primary

means of reducing the impacts of periphyton overgrowth on South-

ern Taiwan’s seagrasses. As such, periphyton overgrowth on

TABLE 6 Stepwise multiple regression of seagrass response variables against environmental parameters collected in the wet season from
2001 to 2017

Unstandardized
coefficient (β)

Standard
error

Standardized
coefficient
(β) t p

Seagrass cover

Sediment grain size −41.454 8.949 −0.323 −4.632 <0.001

ONI 2.970 1.024 0.202 2.901 0.004

DIN concentration 5.384 2.282 0.165 2.360 0.019

Shoot density

Sediment grain size −9.565 1.913 −0.387 −5.000 <0.001

S/C content −3.342 1.037 −0.249 −3.221 0.002

Canopy height

ONI −0.099 0.017 −0.470 −5.856 <0.001

Salinity −0.012 0.005 −0.185 −2.498 0.013

Precipitation (7 days‐
prior)

−0.048 0.022 −0.170 −2.141 0.034

Leaf productivity

Salinity −0.073 0.018 −0.296 −4.098 <0.001

Specific growth rate

DIN concentration 1.966 0.735 0.198 2.676 0.008

S/C content −3.413 1.572 −0.161 −2.171 0.031

Aboveground biomass

DIP concentration −0.059 0.019 −0.230 −3.100 0.002

Precipitation (7 days‐
prior)

0.010 0.005 0.152 2.042 0.043

Belowground biomass

ONI −0.014 0.003 −0.412 −5.047 <0.001

S/C content 0.053 0.014 0.275 3.751 <0.001

Sediment grain size 0.068 0.032 0.155 2.143 0.034

R/S ratio

ONI 0.033 0.012 0.204 2.818 0.005

DIP concentration −0.151 0.059 −0.184 −2.546 0.012

Sediment grain size −0.229 0.102 −0.163 −2.250 0.026

Periphyton biomass

S/C content 0.767 0.199 0.354 3.850 <0.001

ONI −0.147 0.049 −0.275 −2.993 0.004
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H. uninervis would be less detrimental than for T. hemprichii is unli-

kely due to the difference in surface area for periphyton to attach

to. It is more likely that the former’s faster leaf growth and shorter

turnover time. In this study, T. hemprichii shoots at the low‐elevation
sites were more vulnerable to the higher precipitation levels and

DIN concentrations of the La Niña events than those of the high‐

elevation sites, and this may have been due to competition for space

with H. uninervis.

In addition, the high levels of precipitation during La Niña events

might reduce the drought stress of H. uninervis at low tide and shift

the community from a T. hemprichii‐dominated one to an H. unin-

ervis‐dominated one, particularly in the lower intertidal zone. This

might explain why the cover of T. hemprichii at the low‐elevation
sites was obviously lower (7.3% of the total cover) and remained

low during the 4 years (2010–2014) after the 2‐year (2009–2010) La
Niña event (Supporting Information Figure S2). In contrast, the cover

of H. uninervis increased five‐fold (~6% of the total cover) at the

low‐elevation sites after this event (data not shown), which was

comparable to the cover of T. hemprichii.

Because eutrophication stemming from pollution in coastal

waters is a problem of global concern (Glibert, 2017), there is a par-

ticular interest in understanding how anthropogenic nutrient inputs

affect the structure and function of coastal ecosystems (Cloern,

2010). Our results suggest that nutrient enrichment might be a cause

of the decline of intertidal seagrass beds, as higher DIN levels were

associated with higher periphyton biomasses on seagrass leaves. Fur-

thermore, the increased DIN concentrations brought about by La

Niña events between 2010 and 2011 even stimulated the over-

growth of macroalgae on nearby coral reefs of the Nanwan Bay sub-

tidal zone (Kuo et al., 2012). Our results, as well as those of Kuo

et al. (2012) and Liu, Lin, et al. (2009), reveal that ENSO events can

lead to overgrowth of periphyton or macroalgae in both the

F IGURE 5 A canonical analysis of principal coordinates was
conducted to determine which seagrass response variables were
most important in partitioning samples from different El Niño
Southern Oscillation (ENSO) events between 2001 and 2017

(a) (b)

F IGURE 6 Conceptual model of the responses of Thalassia hemprichii to (a) La Niña and (b) El Niño events in the intertidal zone of
Southern Taiwan from 2001 to 2017. Solid lines represent the relationships ascertained from this study, and dashed lines represent those
verified in previous studies or hypothesized to be linked based on the results of this study
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intertidal (seagrass beds) and subtidal (coral reefs) zones. These

ecosystems are at particular risk of exposure to groundwater and

non‐point source nutrient inputs, as well as from sewage treatment

plant discharges, during the high‐precipitation La Niña events.

The biomass and growth of T. hemprichii were both higher during

La Niña events, and this could have been driven by the increase in

DIN concentration caused by the flushing of land‐based nutrients

into the sea by the heavy rains associated with such climatic events.

However, periphyton were found to be overgrowing the seagrasses

at such times, which resulted in lower seagrass cover and shoot den-

sity. Whether the nutrient concentrations themselves, or, alterna-

tively, the presence of the periphyton, was more important in the

observed decreases in seagrass cover and shoot density remains to

be determined. Regardless of the explanation, these seagrass beds

appear to be especially vulnerable to ENSO events and may undergo

decline, or else phase shifts to other, less drought‐resistant seagrass
species (e.g., H. uninervis) in the coming years.
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